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SUMMARY 
Most pub l i shed  work r e l a t i n g  to  dynamica l l y  loaded j o u r n a l  bea r ings  a r e  
d i r e c t e d  t o  de te rm in ing  t h e  minlmum f i l m  th i ckness  from t h e  p r e d l c t e d  j o u r n a l  
t r a j e c t o r i e s .  These do n o t  g i v e  any i n f o r m a t i o n  about t h e  subsynchronous w h i r l  
s t a b i l i t y  o f  j o u r n a l  b e a r i n g  systems s ince  they  do n o t  cons ide r  t h e  equa t ions  
o f  mot ion.  I t  i s ,  however, necessary to know whether t h e  b e a r i n g  system opera- 







The purpose o f  t h e  p resen t  paper I s  to  analyze t h e  s t a b i l i t y  c h a r a c t e r i s -  
t i c s  o f  t h e  system. A l i n e a r i z e d  p e r t u r b a t i o n  t h e o r y  about t h e  e q u i l i b r i u m  
p o i n t  can p r e d i c t  t h e  t h r e s h o l d  o f  s t a b i l i t y ;  however i t  does n o t  i n d i c a t e  
p o s t w h i r l  o r b i t  d e t a i l .  The l i n e a r i z e d  method may i n d i c a t e  t h a t  a b e a r i n g  i s  
u n s t a b l e  f o r  a g i v e n  o p e r a t i n g  c o n d i t i o n  whereas t h e  n o n l i n e a r  a n a l y s i s  may 
i n d i c a t e  t h a t  I t  forms a s t a b l e  l i m i t  c y c l e .  For t h i s  reason, a n o n l i n e a r  
t r a n s i e n t  a n a l y s i s  o f  a r i g i d  r o t o r  supported on o i l  j o u r n a l  bea r ings  under 
( 1 )  a u n i d i r e c t i o n a l  cons tan t  load, (2 )  a u n i d i r e c t i o n a l  p e r i o d i c  l oad ,  and 
( 3 )  v a r i a b l e  r o t a t i n g  l o a d  a r e  performed. 
I n  t h i s  paper, t h e  hydrodynamic f o r c e s  a re  c a l c u l a t e d  a f t e r  so l v ing  the  
time-dependent Reynolds equa t ion  by a f i n 1  t e  d i f f e r e n c e  method w i  t h  a succes- 
s i v e  o v e r r e l a x a t i o n  scheme. Using these f o r c e s ,  equa t ions  o f  mo t ion  a r e  so lved 
by t h e  f o u r t h - o r d e r  Runge-Kutta method t o  p r e d i c t  t h e  t r a n s i e n t  behav io r  o f  t h e  
ro tor .  With the  a i d  of a high-speed d i g i t a l  computer and g r a p h i c s ,  t he  j o u r n a l  
t r a j e c t o r i e s  a r e  o b t a i n e d  for severa l  d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s .  
INTRODUCTION 
There a re  two p r i n c i p a l  approaches by means o f  which one can analyze t h e  
w h i r l  i n s t a b i l i t y  o f  a r o t o r  supported on f l u i d  f i l m  bea r ings .  
( 1 )  l i n e a r i z e d  ( p e r t u r b a t i o n )  method and ( 2 )  n o n l i n e a r  t r a n s i e n t  a n a l y s i s .  I n  
These a r e :  
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t he  l i n e a r i z e d  method a smal l  p e r t u r b a t i o n  o f  t h e  j o u r n a l  cen te r  about i t s  
e q u i l i b r i u m  p o i n t  i s  g i ven .  
mined a f t e r  s o l v i n g  t h e  b a s i c  d i f f e r e n t i a l  equa t ion .  These c o e f f i c i e n t s  a r e  
then used i n  t h e  equat ions o f  mot ion to f i n d  t h e  c r i t i c a l  mass parameter and 
w h i r l  r a t i o .  The mass parameter, a f u n c t i o n  o f  rotor speed, i s  a measure o f  
s t a b i l i t y .  The n o n l i n e a r  t r a n s i e n t  a n a l y s i s ,  on t h e  o t h e r  hand, g i v e s  the  
j o u r n a l  locus and from t h i s  one can know about  t h e  system s t a b i l i t y .  
The s t i f f n e s s  and damping c o e f f i c i e n t s  a r e  d e t e r -  
S t a b i l i t y  a n a l y s i s  o f  f i n i t e  j o u r n a l  bea r ings  by t h e  l i n e a r i z e d  method has 
been g i ven  by A l l a i r e  ( r e f .  11, whereas Akers, Mlchaelson, and Cameron ( r e f .  2) 
s t u d i e d  the  same b e a r i n g  c o n f i g u r a t i o n s  u s i n g  a n o n l i n e a r  t r a n s i e n t  approach. 
I n  re fe rence  2 i t  was shown t h a t  under c e r t a i n  o p e r a t i n g  c o n d i t i o n s  t h e  j o u r n a l  
mot ion was bounded and cou ld  form a l i m i t  c y c l e .  
The aim o f  the  p resen t  paper i s  to s tudy  t h e o r e t i c a l l y  t he  s t a b i l i t y  char-  
a c t e r i s t i c s  o f  f i n i t e  o i l  j o u r n a l  bea r ings  under dynamic l o a d  u s i n g  a n o n l i n e a r  
t r a n s i e n t  method. A few papers ( r e f s .  3 to  5) deal  w i t h  t h e  dynamica l l y  loaded 
bear ings t o  p r e d i c t  t h e  j o u r n a l  l ocus .  As these do n o t  cons ide r  t h e  equa t ions  
o f  mot ion for t h e  p r e d i c t i o n  o f  the  p o s i t i o n  o f  j o u r n a l  c e n t e r ,  t hey  cannot 
i n d i c a t e  whether t h e  b e a r i n g  system i s  s t a b l e  or n o t .  However, these a r e  use- 
f u l  fo r  e s t i m a t i n g  minimum f i l m  t h i ckness  o f  dynamica l l y  loaded bear ings .  The 
dynamical equat ions o f  mot ion a re  so lved by f o u r t h - o r d e r  Runge-Kutta method t o  
f i n d  e c c e n t r i c i t y  r a t i o  and a t t i t u d e  angle and t h e i r  d e r i v a t i v e s  for t h e  n e x t  
t ime s t e p .  These va lues a r e  then i n t r o d u c e d  i n  t h e  two-dimensional t ime- 
dependent Reynolds equa t ion  t o  f i n d  t h e  hydrodynamic f o r c e s .  
above approach a n o n l i n e a r  t r a n s i e n t  a n a l y s i s  o f  a r i g i d  rotor on o i l  j o u r n a l  
bea r ings  under ( 1 )  a u n i d i r e c t i o n a l  cons tan t  l oad ,  ( 2 )  a u n i d i r e c t i o n a l  p e r i -  
o d i c  load,  and ( 3 )  v a r i a b l e  r o t a t i n g  l o a d  i s  performed. A number o f  t r a j e c t o -  
r i e s  have been o b t a i n e d  w i t h  t h e  a i d  o f  a high-speed d i g i t a l  computer and 
g raph ics  . 
F o l l o w i n g  t h e  
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NOM E NC LATUR E 
r a d i a l  c learance 
j o u r n a l  d iameter  
e c c e n t r i c i t y  
hydrodynamic f o r c e s  
F r  = FrC’/,R’L, Fe = FeC2/q,R3L (d imens ion less )  
f i l m  t h i c k n e s s ,  6 = h/C (d imens ion less )  
mass parameter,  M = MCo2/Wo dimensionless)  
f i l m  p ressu re ,  = pC2/,,R3L 
j o u r n a l  r a d i u s  





x, z, e, 2 
w ,  ii 
'09 '0 
E eccentricity ratio, E = e/C (dimensionless) 
0 absolute viscosity of oil 
coordinates, 8 = x/R, 2 = z/(L/2) (dimensionless) 
load, W = WC2/qwR3L (dimensionless) 
steady-state load, flo = WC2/qwR3L (dimensionless) - 
'0 atti tude angle 
angular coordinates at which film commences and cavitates, respec- 
tively, from minimum film thickness 
91 9 92 
819 82 81 = w + 91, 82 = w + 92 
a 
w angular velocity of journal 
whirl ratio, Q = wP/w (dimensionless) 
angular velocity of whirl 
THEORY 
The basic differential equation for pressure distribution in the bearing 
clearance under dynamic conditions can be written as (See fig. 1.) 
Equation I1 1 when nondlmensionalized with the following substitutions: 
8 = x / R ,  z = z/(L/2), h = h/C, p = pC2/qwR2, T = wpt, and R = w ~ / w ,  will read 
as 
The film thickness (dimensionless) i s  
- 
h = 1 + E COS 8 ( 3 )  
with the use of equation ( 3 1 ,  equation (2) can be written as 
where (b = aT/aT and E = aE/aT. In this study we have used the Reynolds 
boundary conditions, which are given by: 
3 
and 
where 81 and 02 are  t h e  angu la r  coo rd ina tes  a t  which the f i l m  commences and 
reforms, r e s p e c t i v e l y .  
Equat ion ( 4 )  i s  so lved n u m e r i c a l l y  f o r  pressure by a f i n i t e  d i f f e r e n c e  
method w i t h  a successive o v e r r e l a x a t i o n  scheme s a t i s f y i n g  the  above boundary 
c o n d i t i o n s .  I n i t i a l l y ,  E and (b aye s e t  equal t o  z e r o  t o  o b t a i n  t h e  steady- 
s t a t e  hydrodynamic f o r c e s  Fr and Fe. 
The f o r c e s  a re  computed from 
and (6) 
where 
- F rc2 - F8C2 
3 and Fe = - OUR L 
Fr = - 3 OUR L 
Re leas ing  t h e  j o u r n a l  from t h e  s teady -s ta te  p o s i t i o n ,  one can compute 
'p, E ,  and (r, for  the  n e x t  t ime s tep  by s o l v i n g  the  f o l l o w i n g  equa t ions  o f  
mot 1 on : 
E ,  
MC[$-- ~($9~1 = Fr t W COS 'p 
The d imensionless f o r m  o f  equat ions ( 7 )  and (8) are:  





- 2.. 2 -  F0 
wO 
MR E + 2flR EQ - F+ s i n  Q = 0 (10) 
where 
- woc2 
and Wo = - - MCu2 3 M = -  
wO qwR L 
The s teady -s ta te  l o a d  io i s  o b t a i n e d  by l e t t i n g  E and (b equal t o  ze ro .  
'p. These a r e  y o l y e d  by u s i n g  a fou r th -o rde r  Runge-Kutta method for  cons tan t  
va lues o f  R ,  M ,  F r ,  and Fe. 
Equat ions ( 9 )  and (10) a r e  second-order d i f f e r e n t i a l  equat ions i n  E and 
I n  t h e  f o l l o w i n g  s e c t i o n  t h r e e  types o f  l o a d  a r e  considered.  
A U n i d i r e c t i o n a l  Constant Load 
Assuming t h e  i n i t i a l  c o n d i t i o n s  g i v e n  I n  t a b l e  I ,  t h e  hydrodynamic f o r c e s  
under s teady -s ta te  c o n d i t i o n  a r e  found. 
o b t a i n  E ,  &,  Q ,  and (b for  t h e  subsequent t ime  s tep .  Now t h e  new value o f  
E ,  E ,  and (9 a r e  i n t r o d u c e d  i n  equat ions ( 3 )  and ( 4 )  to  determine t h e  hydro- 
dynamic f o r c e s .  These f o r c e s  a long  w i t h  the  s teady -s ta te  load,  mass parameter 
and w h i r l  r a t i o  a re  u t i l i z e d  for  t h e  s o l u t i o n  of equat ions (9) and (10). The 
process i s  repeated u n t i l  we g e t  a t r a j e c t o r y  t h a t  desc r ibes  t h e  s t a t u s  o f  the  
system. 
Equat ions o f  mo t ion  a re  so lved to  
A U n i d i r e c t i o n a l  P e r i o d i c  Load 
The a p p l i e d  l o a d  was assumed t o  be 
- -  
W = W, [ l  + sin(: T)] (11)  
where Wo i s  t h e  a p p l i e d  s teady-state l o a d  c g n s i s t e n t  w i t h  the  e c c e n t r i c i t y ,  
= 0.8. A t  each t ime  s t e e  a new va lue  o f  W was c a l c u l a t e d  from equa- 
- t i o n  ( 1 1 ) .  For va lues o f  M and R g i v e n  i n  t a b l e  I and u s i n g  W ,  F, and 
Fe, equat ions (9) and (10) were so l ved  fo r  
s tep .  The r e s t  o f  t h e  procedure i s  repeated as desc r ibed .  
E ,  E ,  Q ,  and (9 fo r  t h e  n e x t  t i m e  
V a r i a b l e  R o t a t i n g  Load 
T h i s  t ype  o f  l o a d l n g  i s  i n t e r e s t i n g  s i n c e  I t  p e r t a i n s  t o  an engine bear-  
The d a t a  used f o r  t h e  a n a l y s i s  r e f e r  to the  Ruston and Hornsby 6 VEB-X i n g .  
MKIII connec t ing  r o d  b e a r i n g  ( r e f .  5) and i s  l i s t e d  i n  t a b l e  I .  The p o l a r  l o a d  
diagram i s  rep resen ted  by f i g u r e  2 .  
p o s i t i o n s  o f  c rank  angle t h e  reader  may r e f e r  to  appendix 4 . 1  o f  t h e  paper 
( r e f .  5). The t ime  s t e p  AT = n/18 was taken i n  t h i s  case to  match w i t h  t h e  
For the  magnitude o f  l o a d  a t  d i f f e r e n t  
5 
g i v e n  a p p l i e d  lodd a t  l oo  crank angle i n t e r v a l .  
nondimensional ized u s i n g  the  express ion W = WC2/,aR3L. 
duced i n  the equat ions of mot ion t o  determine the  p o s i t i o n  o f  the  j o u r n a l  cen- 
t e r  ( E ,  E ,  9, and 4). The hydrodynamic forces F r  and Fe were, however, 
computed a f t e r  s o l v i n g  equa t ion  (4 ) .  
The r e s u l t a n t  a p p l i e d  l o a d  was 
This  l o a d  was i n t r o -  
RESULTS AND DISCUSSION 
To assure ou rse l ves  t h a t  o u r  f o r m u l a t i o n  i s  c o n s i s t e n t  w i t h  re ference 2 ,  
ou r  r e s u l t s  a re  shown i n  f i g u r e  3(a) and compared t o  those o f  reference 2 shown 
i n  f i g u r e  3(b) .  The comparison i n d i c a t e s  v e r y  good agreement for t h e  condi -  
t i o n s  s t a t e d  i n  the  f i g u r e .  I n  f i g u r e  4(a) a t y p i c a l  three-d imensional  pres-  
sure d i s t r i b u t i o n  f o r  a p a r t i c u l a r  t ime s tep  i s  shown. From t h i s  f i g u r e  one 
can see the  c a v i t a t e d  r e g i o n  and the  v a r i a t i o n  o f  p ressu re  throughout  t h e  com- 
p l e t e  c lea rance  space of t h e  bear ing .  F i g u r e  5 g i v e s  the  j o u r n a l  l ocus  when 
the  b e a r i n g  i s  s t a b l e  under the  a c t i o n  o f  cons tan t  u n i d i r e c t i o n a l  l oad .  I n  
f i g u r e  3, t he  j o u r n a l  t r a j e c t o r y  w i t h i n  the  c lea rance  c i r c l e  i s  shown for  an 
uns tab le  bea r ing .  The j o u r n a l  l ocus  reaches a l i m i t  c y c l e .  Th i s  t ype  o f  
o b s e r v a t i o n  has been made by many workers ( r e f s .  6 t o  8)  w h i l e  d e a l i n g  w i t h  
s h o r t  and i n f i n i t e l y  l o n g  bear ings .  
Having compared the  r e s u l t  o f  the  p resen t  s o l u t i o n  w i t h  t h a t  o f  Akers 
e t  a l .  ( r e f .  2 1 ,  an a t tempt  was made to study t h e  e f f e c t  o f  p e r i o d i c  and v a r i a -  
b l e  load.  F i g u r e  6 shows t h e  j o u r n a l  locus for  a p e r i o d i c  l o a d  superimposed on 
t h e  cons tan t  l oad  g i v e n  t h e  same as those o f  a u n i d i r e c t i o n a l  cons tan t  l oad .  
From these two f i g u r e s  i t  may be seen t h a t  a b e a r i n g  which i s  s t a b l e  under t h e  
a c t i o n  of a u n i d i r e c t i o n a l  cons tan t  l o a d  can be made u n s t a b l e  when a p e r i o d i c  
l oad  i s  a p p l i e d .  I n  t h e  l a t t e r  case the  j o u r n a l  l ocus  reaches a l i m i t  c y c l e .  
The j o u r n a l  cen te r  t r a j e c t o r y  o f  t h e  connec t ing  r o d  b e a r i n g  ( v a r i a b l e  
r o t a t i n g  l oad )  i s  shown i n  f i g u r e  7 .  The t r a j e c t o r y  i s  v e r y  complex: i t  n e i -  
t h e r  tends t o  go t o  an e q u i l i b r i u m  p o i n t  no r  t o  reach  a l i m i t  c y c l e .  
mentioned t h a t  the va lue  o f  the  minimum f i l m  t h i c k n e s s  f o r  t h i s  case exceeds 
t h a t  ob ta ined  by o t h e r s  u s i n g  the  m o b i l i t y  method o f  s o l u t i o n .  The m o b i l i t y  
method ( r e f .  3) ,  however, does n o t  cons ide r  t h e  s t a b i l i t y  o f  t h e  system. 
The p resen t  s o l u t i o n  does n o t  t ake  account of t h e  t r a n s p o r t  o f  f l u i d  
through the  c a v i t a t e d  r e g i o n  and consequent ly  does n o t  t ake  f u l l  account o f  the  
o i l  f i l m  h i s t o r y .  A subsequent a n a l y s i s  has been under taken t h a t  w i l l  i n c l u d e  
the o i l  f i l m  h i s t o r y  e f f e c t s  f o r  these dynamic c o n d i t i o n s  and w i l l  be compared 
a t  a l a t e r  da te .  A p roper  accoun t ing  o f  the  mass f low i n  t i m e  i s  b e l i e v e d  t o  
be impor tan t  i n  dynamica l l y  loaded bear ings  and should i n f l u e n c e  t h e  t r a j e c t o r y  
o f  the r o t o r  i n  a more r e a l i s t i c  way. 
I t  may be 
CONCLUSIONS 
From the n o n l i n e a r  t r a n s i e n t  a n a l y s i s  o f  an o i l - f i l m  j o u r n a l  b e a r i n g  under 
d i f f e r e n t  dynamic loads w i t h  Reynolds t y p e  boundary c o n d i t i o n s ,  t h e  f o l l o w i n g  
conclus ions a re  e v i d e n t .  
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1. Al though the  a n a l y s i s  I s  c o s t l y  I n  t e r m s  o f  computer t ime,  i t  g i v e s  the  
o r b i t a l  t r a j e c t o r y  w i t h i n  the c learance c i r c l e  which i s  n o t  o b t a i n a b l e  u s i n g  a 
s i m p l i f i e d  ( l i n e a r i z e d )  theo ry .  
b e a r i n g  theory,  t he  j o u r n a l  l ocus  for a f i n i t e  b e a r i n g  ends i n  a l i m i t  c y c l e  
2 .  A s  i t  i s  shown by o t h e r s  w h i l e  d e a l i n g  w i t h  s h o r t  and i n f i n i t e l y  l o n g  
I for  an uns tab le  system. 
I -  
3.  A s t a b l e  j o u r n a l  w i t h  a cons tan t  u n i d l r e c t i o n  l o a d  can be made u n s t a b l e  
by  superimposing a p e r i o d i c  l o a d  on t h e  system. 
4 .  A more c o r r e c t  ( c a v i t a t e d )  boundary c o n d i t i o n  u s i n g  t h e  p r e h i s t o r y  o f  
f i l m  may show some i n t e r e s t i n g  phenomena which a re  n o t  r e v e a l e d  i n  t h e  p resen t  
method o f  s o l u t l o n .  
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FIGURE 1. - A SCHEMATIC DIAGRAM OF JOURNAL BEARING. 
--- ------ ---- 1 .O 0 . 8  5. 0.5 ----- 
--- ------ ---- 1 . O  0 . 8  5. 0 . 5  ----- 
8 
RELATIVE TO CYLINDER A X I S  
FIGURE 2. - POLAR LOAD DIAGRAn OF ENGINE BEARING. 
(A)  OBTAINED FROM THE PRESENT K T H O D  SOLUTION. 
(B)  OBTAINED BY AKERS E T  AL. [21.  
FIGURE 3. - JOURNAL CENTER TRAJECTORY. (L/D = 1.0. E, = 0.5,  3 = 30°, 
M = 10.24. n =  0.5). 
9 
FIGURE 4. - A TYPICAL PRESSURE DISTRIBUTION (L/D = 1.0, E o  = 0.8, - 
M = 5. R = 0.5. T = 0). 
FIGURE 5 ,  - JOURNAL CENTER TRAJECTORY FOR A UNIDIRECTIONAL CONSTANT 
LOAD (L/D = 1 . 0 . ~ ~  = 0.8. R = 5. n = 0.5). 
FIGURE 6. - JOURNAL CENTER TRAJECTORY FOR A UNIDIRECTIONAL PERIODIC FIGURE 7. - JOURNAL CENTER TRAJECTORY FOR VARIABLE ROTATING LOAD. 
LOAD (L/D = 1.0, Eo = 0.8, K =  5 ,  R =  0.5). 
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calculated after solving the time-dependent Reynolds equation by a finite difference method with a successive 
overrelaxation scheme. Using these forces, equations of motion are solved by the fourth-order Runge-Kutta 
method to predict the transient behavior of the rotor. With the aid of a high-speed digital computer and graphics, 
the journal trajectories are obtained for several different operating conditions. 
'4 
'For sale by the National Technical Information Service, Springfield, Virginia 221 61 NASA FORM 1626 OCT 86 
~ 
~~~ ~~~~~ ~~~~ ~ 
